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The current–voltage characteristics of light-emitting devices containing thin films of
poly~dialkoxy-p-phenylene vinylene! ~PPV! incorporated with silicon dioxide nanoparticles have
been investigated. It is demonstrated that the current enhancement of the devices containing
composite layers can be modeled by assuming that the effective thickness of the composite layers
is about half of their actual thickness. Field-effect measurements reveal that the mobility of the
charge carriers in PPV is not significantly changed by the incorporation of nanoparticles. © 1998
American Institute of Physics. @S0003-6951~98!03052-6#
Polymer light-emitting diodes ~PLEDs! have been con-
sidered promising candidates for large-area applications as a
result of both easy processing and mechanical flexibility.1
The external conversion efficiency of poly~phenylene-
vinylene! ~PPV! -based light-emitting diodes ~LEDs!
amounts to 2% photons/charge carrier. Typically, for a light
output of 100 cd/m2 only a drive voltage in the range of 3–4
V is required for a PLED with a PPV layer thickness of
about 100 nm. Recently, it has been demonstrated by Carter
et al.2 that mixing oxide nanoparticles into a PPV derivative
gives rise to an enhancement of the current density and ra-
diance in a PLED by more than an order of magnitude at low
voltage. As a result, in these polymer/nanoparticle composite
devices radiances of 10 000 cd/m2 have been achieved at a
drive voltage of only 5 V. For applications, the resulting gain
in power efficiency in these composite devices is very attrac-
tive.
The mechanism for the current and radiance enhance-
ment in a PLED is not yet fully understood. In earlier studies
it has been demonstrated that the incorporation of nanopar-
ticles in polymer layers can improve their electro-optic prop-
erties such as the photovoltaic efficiency3,4 and lasing
threshold.5 However, as argued by Carter et al.,2 the radiance
increase is not due to microcavity effects resulting from the
insulating oxide particles since there are no line-narrowing
effects observed. Furthermore, since the radiance enhance-
ment is independent on the refractive index of the nanopar-
ticles, scattering effects can also be excluded. Finally, an
increase of the recombination at a polymer/nanoparticle in-
terface would result in an increased efficiency, which is not
observed and cannot explain the current enhancement.
Therefore, Carter et al. suggested that the current and radi-
ance enhancement might arise from a change in the device
morphology. A more rough cathode interface may give rise
to an enhancement of the surface area with a resulting in-
crease of electron injection.2 Furthermore, the existence of
thin spots created throughout the film by capillary forces
would give rise to an increase of the electric field, enhancing
the charge injection and/or charge transport.
Recently, we have presented a device model which de-
scribes the current and light output of PLEDs as a function of
voltage. The key ingredients are that the hole current is
space-charge limited6 with a field- and temperature-depen-
dent mobility,7 the electron current is reduced by traps,6 and
finally, the recombination between the electrons and holes is
of the Langevin type.8 In the present study we apply this
device model to the nanoparticles/polymer composite light-
emitting devices in order to further investigate the mecha-
nism of the current and radiance enhancement.
The light-emitting devices consist of a polymer
layer sandwiched between two electrodes on top of a
glass substrate. The polymer used in our study is a random
copolymer of 2,5-bischloromethyl-4-methoxy-1-~3,7-
dimethyloctyloxy!-benzene and 2,5-bischloromethyl-
48-~3,7-dimethyloctyloxy!-1,18-biphenyl, as shown in the in-
set of Fig. 2. Fumed monodispersive SiO2 nanoparticles ~7
nm, obtained from Aldrich! were first treated with hexameth-
yldisilazane in CH2Cl2 at 40 °C for one day, evaporated, re-
dispersed in toluene by ultrasonic treatment, and evaporated
again. This treatment reduced water uptake by the particles
and improved the stability of the dispersions. A concentrated
dispersion ~10% w/w!, prepared in toluene by ultrasonic
treatment, was then added to a polymer solution in the same
solvent. This led to solutions with a concentration in polymer
of 0.4%–0.55%, and a 2:1 weight ratio of polymer and nano-
particles. Just before use, the solution was again treated in an
ultrasonic bath for 30–60 min and filtered on a membranefil-
ter ~5 mm, Teflon!. A patterned indium–tin oxide ~ITO! is
used as a bottom electrode, which injects holes, whereas an
evaporated Ca electrode is used as a top contact. The current
density–voltage (J – V) measurements are performed in a ni-
trogen atmosphere at room temperature.
The experimental J – V characteristics for devices with
and without the SiO2 nanoparticles are shown in Fig. 1. The
thickness L of both devices amounts to 200 nm. Since the
presence of nanoparticles effects the capacitance of the de-
vice, the thickness is determined with a Dektak 3030 surface
profiler, which is a mechanical technique. In Fig. 2 the cor-
responding external quantum efficiencies are shown. Our re-
sults are in agreement with the results reported earlier in the
literature:2 Above the threshold for light-emission incorpora-a!Electronic mail: blom@natlab.research.philips.com
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tion of the nanoparticles gives rise to an enhancement of the
current and radiance over an order of magnitude whereas the
quantum efficiency is hardly affected.
In order to further investigate the observed effects we
modeled the J – V characteristics of the device without the
nanoparticles as indicated by the solid line in Fig. 1. For this
calculation a device model for a PLED is used, which has
recently been presented:8 The hole transport in our PLEDs
with thickness Leff is space-charge limited with a field-
dependent mobility according to mp(E)5m0 exp(gAE) with
a zero-field mobility m0510211 m2/V s and a g54.5
31024(m/V)1/2 at room temperature for this PPV
derivative.7 The electron transport is limited by traps6 with a
density of 531023 m23, and which are exponentially distrib-
uted in energy according to a characteristic temperature Tt
51400 K. The recombination between electrons and holes is
governed by a bimolecular recombination constant which
amounts8 to B52310212 cm23/s. As shown in Fig. 1, our
model using Leff5200 nm is in good agreement with the ex-
perimental results for the device without nanoparticles. For
comparison, the J – V characteristics for PLEDs with layer
thicknesses Leff of 120, 80, and 50 nm have also been calcu-
lated. It appears that both the magnitude of the current den-
sity as well as the field dependence of a composite PLED
with actual thickness L5200 nm are identical to the calcu-
lated J – V characteristics of a device without nanoparticles
with an effective thickness Leff of 80 nm. Thus, addition of
the nanoparticles not only increases the magnitude of the
current but also its voltage dependence. Such a behavior is
also expected for devices which have a thinner active layer.
The effect of a thickness reduction is further investigated
by fabricating bilayer devices consisting of a bottom layer of
composite PPV/SiO2 and a top layer of standard PPV. The
layer thicknesses of both the individual layers are changed,
whereas the total thickness L tot is kept constant at 200 nm. In
Fig. 3 the J – V characteristics of various devices are pre-
sented in which the thickness of the individual layers
amounts to 0, 50, 100, 150, and 200 nm, respectively. Both
the magnitude and field dependence of all these bilayer de-
vices can be modeled using the standard parameters for PPV
by just assuming that the effective thickness Leff of the de-
vice has changed. As expected, Leff is dependent on the frac-
tion of the individual layer thicknesses of the standard
(LPPV) and composite PPV (LPPV1SiO2). In Fig. 4 the calcu-
lated Leff from the J – V characteristics of Fig. 3 are shown as
FIG. 1. Experimental J – V characteristics at room temperature ~symbols!
for an ITO/PPV/Ca and a composite ITO/PPV–SiO2 /Ca light-emitting de-
vice both with a thickness of L5200 nm. Also shown are the calculated
J – V characteristics for a standard PPV-based LED with thickness Leff for
various Leff ~lines!. The composite PLED with L5200 nm behaves identi-
cally as a standard PPV-based LED with a thickness of 80 nm.
FIG. 2. External quantum efficiency ~photons/charge carrier! as a function
of applied voltage for a composite and standard PPV LED with thickness
L5200 nm. The inset shows the PPV derivative used in this study.
FIG. 3. Experimental J – V characteristics at room temperature ~symbols!
for double-layer PLEDs consisting of a bottom layer of the composite
PPV–SiO2 covered with a standard PPV layer. The total thickness of both
layers is kept constant at L tot5200 nm. The thickness of the separate layers
amounts to 0 ~200! nm, 50 ~150! nm, 100 ~100! nm, 150 ~50! nm, and 200
~0! nm, respectively. The double-layer devices can be modeled ~solid lines!
as a single-layer PPV-based LED with a thickness Leff ranging from 80 to
200 nm.
FIG. 4. Leff as obtained from the model calculations on the J – V character-
istics of the double-layer devices ~see Fig. 3! as a function of the fraction
LPPV /L tot . The effective thickness Leff of the composite PPV layers is about
half of their actual thickness.
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a function of the fraction LPPV /L tot . It appears that for the
bilayer devices Leff follows the relation LPPV10.55
LPPV1SiO2 ~solid line!. Thus, the composite layers electrically
behave as standard layers which have about half of their
thickness. Only the device with the single composite layer
(LPPV /L tot50) of 200 nm shows a stronger reduction of Leff
to 80 nm. A possible explanation for this deviation might be
the fact that by covering the composite layer with another
layer the roughness in the morphology due to the presence of
nanoparticles might be slightly smoothened by the top layer.
In order to calculate Leff from the experimental data in
Fig. 3 we have assumed that in our device model the charge
carrier mobility and its field dependence are not affected by
the presence of nanoparticles. However, when the nanopar-
ticles have a strong effect on, for example, the alignment of
the polymer chains, a change in the charge carrier mobility
could be expected. In that case, our calculation would not
provide a correct estimation of Leff . In order to clarify the
effect of nanoparticles on the mobility, field-effect measure-
ments have been performed. The structure, as indicated in
the inset of Fig. 5, consists of a n11-doped Si substrate
which acts as a gate, a SiO2 insulating layer, and interdigi-
tated Au electrodes which are covered with the polymer.9 In
Fig. 5 ID is shown as a function of the gate voltage VG . The
field-effect mobility can now be calculated in the linear
regime9 from the slope of ID vs VG . It appears that the hole
mobility in the PPV/SiO2 composite layer is only a factor of
1.7 larger as compared to the standard PPV. Thus, it is evi-
dent that the observed current enhancement of one order of
magnitude as a result of the addition of nanoparticles does
not originate from a mobility increase. Furthermore, the
small difference in mobility has only a minor effect on the
calculation of Leff due to the strong dependence of the cur-
rent on the layer thickness. As a result, the observed reduc-
tion of the effective layer thickness has a morphological ori-
gin, as suggested by Carter et al.2 Clustering of nanoparticles
may lead to inhomogeneities in the layer thickness and poly-
mer density resulting in effective thin spots due to capillary
forces.
In conclusion, we have demonstrated that the enhance-
ment of the current and radiance in polymer/nanoparticle
composite devices can be understood in terms of a reduced
effective layer thickness. Both the magnitude and field de-
pendence of the current are consistent with the assumption
that electrically the effective thickness of a composite layer
is about half of the actual thickness. Field-effect measure-
ments reveal that the hole mobility in PPV is not signifi-
cantly affected by the incorporation of nanoparticles. Thus,
the incorporation of nanoparticles into an electroluminescent
polymer opens the possibility to combine the advantages of
thick layers as mechanical strength and improved substrate
coverage with the favorable electro-optic properties of a thin
device.
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FIG. 5. Drain current ID as a function of gate voltage VG for the composite
PPV–SiO2 and standard PPV with a layer thickness L5200 nm measured at
room temperature in air. The field-effect mobility amount to 2.0310210 and
1.2310210 m2/V s, respectively.
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